The applications of human pluripotent stem cell (hPSC)-derived cells in regenerative medicine has encountered a long-standing challenge: how can we efficiently obtain mature cell types from hPSCs? Attempts to address this problem are hindered by the complexity of controlling cell fate commitment and the lack of sufficient developmental knowledge for guiding hPSC differentiation. Here, we developed a systematic strategy to study hPSC differentiation by labeling sequential developmental genes to encompass the major developmental stages, using the directed differentiation of pancreatic β cells from hPSCs as a model. We therefore generated a large panel of pancreas-specific mono-and dual-reporter cell lines. With this unique platform, we visualized the kinetics of the entire differentiation process in real time for the first time by monitoring the expression dynamics of the reporter genes, identified desired cell populations at each differentiation stage and demonstrated the ability to isolate these cell populations for further characterization. We further revealed the expression profiles of isolated NGN3-eGFP + cells by RNA sequencing and identified sushi domain-containing 2 (SUSD2) as a novel surface protein that enriches for pancreatic endocrine progenitors and early endocrine cells both in human embryonic stem cells (hESC)-derived pancreatic cells and in the developing human pancreas. Moreover, we captured a series of cell fate transition events in real time, identified multiple cell subpopulations and unveiled their distinct gene expression profiles, among heterogeneous progenitors for the first time using our dual reporter hESC lines. The exploration of this platform and our new findings will pave the way to obtain mature β cells in vitro.
Introduction
Human pluripotent stem cells (hPSCs), including human embryonic stem cells (hESCs) and induced pluripotent stem cells, can be efficiently induced into various cell types by mimicking key developmental events in a stepwise manner and thereby hold great potential for studying developmental biology, disease modeling and cell-replacement therapy [1] . Despite tremendous efforts made in the past decade, no fully matured cell types have actually been obtained in vitro [2] , which greatly hinders the further application of these hPSC-derived cells. To obtain mature cell types in vitro from hPSCs, two major problems still need to be solved.
First, because the best current protocols for hPSC differentiation are typically implemented in a stepwise fashion, deviations in the induction process at each stage (and especially the early stages) will accumulate and can be dramatically amplified stepwisely [3] . Previous studies on the directed differentiation of hPSCs into pancreatic β cells have shown that the yield of INSULIN (INS)-producing cells at later stages was sensitive to both the intensity and timing of TGF-β signaling at the first two stages [4] . Moreover, the cells generated at each step are in fact heterogeneous. Undesired cell-cell interactions and factors secreted by the unwanted cells will mask the desired signals and misdirect the differentiation process [5] . Thus, to optimize the induction conditions and thereby pave the way for accurate control of the entire stepwise differentiation process, the establishment of strategies that allow both monitoring the kinetics of the entire differentiation process and purifying desired cell populations for characterization and culture at each step could be of a great help [3] .
Second, the establishment of current protocols for hPSC differentiation largely relies on developmental knowledge that was mostly extrapolated from studies of nonhuman experimental models, especially mice [2] . In the case of the pancreas, the different requirements for key regulators like GATA6 during pancreatic development in the two species shows that differences in developmental mechanisms may exist [6, 7] . Moreover, even in mouse models, there are some knowledge gaps in the developmental process of pancreatic β cells, resulting in a lack of sufficient developmental clues for directing differentiation. It is therefore essentially necessary to develop appropriate tools that permit the isolation of in vitro-derived cell populations at each stage for careful evaluation and thereby shed light on the less understood aspects of development [8] .
Collectively, to address the questions above, a systematic strategy to monitor, purify and analyze hPSC-derived intermediate cells at each step would be highly desirable. Prior studies showed that genetic labeling, especially for lineage-specific transcriptional factors, could be used in the study of development and differentiation in hPSCs [9] [10] [11] . However, partly because of the low efficiency of traditional gene targeting techniques, such studies mostly focused on narrow windows of the differentiation process and cannot provide a systematic solution for the study of the entire continuous process [12] . The breakthroughs made in gene targeting strategies in recent years make it possible to conduct the systematic gene labeling of certain cell lineages in hPSCs with high efficiency [13] [14] [15] [16] .
HPSC-derived pancreatic β cells hold great potential for cell-replacement therapy in type I diabetes, but no strategies have been reported that can efficiently generate mature β cells in vitro [17] . We first demonstrated that pancreatic β cells could be generated from mouse ESCs by recapturing sequential endogenous developmental signals in a stepwise fashion [18] . Thereafter, significant progress has been made in generating pancreatic cell populations from hPSCs, and a variety of stepwise protocols have been established [19] [20] [21] [22] [23] [24] [25] [26] . The hPSC-derived pancreatic progenitors can differentiate into mature β cells after transplantation in mice, but these in vitro-derived β cells still function poorly. This defect mainly results from the lack of a systematic approach for the study of multistep differentiation processes and the lack of the developmental knowledge, which is necessary to direct or facilitate in vitro differentiation.
In this study, we systematically labeled sequential genes in pancreatic development covering the major developmental stages of pancreatic β cells from hESCs for the first time, with the aid of transcription activator-like effector nuclease (TALEN). We therefore generated a large panel of reporter cell lines; several of these are dual reporter cell lines that were constructed on the basis of the NGN3-eGFP cell line due to the key role of NGN3 in the commitment of pancreatic endocrine progenitors [27] . With this unique platform, we successfully visualized the kinetics of the entire differentiation process in real time and made it possible to recognize and therefore isolate intermediate cell populations at each differentiation stage for further characterization. Using the dual-reporter hESC lines, we captured the process of cell fate transition and unveiled distinct gene expression profiles of multiple cell subpopulations. We further profiled hPSC-derived NGN3-eGFP + cells by RNA-sequencing and identified sushi domain-containing 2 (SUSD2) as a novel surface protein that enriches for pancreatic endocrine progenitors and early endocrine cells both in hESC-derived pancreatic cells and in the developing human pancreas. An exploration of this platform and these new findings will pave the way for obtaining mature β cells in vitro from hPSCs.
Results

Generating a panel of pancreatic-specific hESC reporter lines by labeling sequential developmental genes of pan-
To develop a systematic platform for the study of hPSC differentiation into β cells, we attempted to label a large panel of sequential developmental genes to cover the major developmental stages of pancreatic β cells. So far, the major developmental process of β cells has been divided into several sequential stages, which are represented by the expression of key genes: (1) definitive endoderm (e.g., FOXA2 and SOX17), (2) primitive gut tube (e.g., HNF1B, HNF4A and FOXA2), (3) posterior foregut (e.g., PDX1 and HNF6), (4) pancreatic progenitors (e.g., PDX1, NKX6.1 and PTF1A), (5) endocrine progenitors (e.g., NGN3, NKX2.2, NEUROD1, MAFB, PAX4 and PAX6) and (6) β cells (e.g., INS, PDX1 and MAFA) [28] . Currently, the stepwise protocols for the generation of β cells from hPSCs have been established by recapturing developmental stages ( Figure 1A ) [19-23, 25, 26] . Therefore, we chose FOXA2, SOX17, PDX1, NKX6.1, NGN3, NEUROD1, MAFB, PAX6 and INS as our target genes for labeling ( Figure 1A ).
The NEUROG3 (NGN3) gene was selected as our first target because of its important role in endocrine commitment. In vitro-derived pancreatic progenitors can mature into functional β cells after transplantation in mouse [25, 29] , but they cannot generate functional β cells in vitro [19, 30] , implying that the subsequent endocrine progenitor stages should be prioritized. Initially, we employed a bacterial artificial chromosome (BAC) recombineering-based strategy for gene targeting. The stop codon of a BAC harboring the NGN3 locus was replaced with a 2A-eGFP-loxp-CAG-neo-loxp cassette by recombination (CAG, chicken β-actin promoter with CMV enhancer; 2A, foot-and-mouth disease virus 2A segment). The 2A sequence can mediate the separation of the adjacent genes via translational skipping, which allows the target gene to be traced by fluorescence while preserving gene function [31] . H1 cells were electroporated with the linearized BAC-based targeting vector and treated with G418 and ganciclovir for 2 weeks. 192 Drug-resistant colonies were screened by polymerase chain reaction (PCR), yielding 20 positive colonies (Supplementary information, Figure S1B ). The derived cell lines were further confirmed by Southern blotting (Supplementary information, Figure S1C ). Subsequently, the antibiotic resistance cassette of one cell line was removed by CRE recombinase (Supplementary information, Figure S1D ). Although we tried to tag other pancreatic genes using a similar approach, we failed to obtain the desired reporter cell lines.
TALENs were then introduced to our gene targeting strategy to improve the homologous recombination efficiency (Supplementary information, Figure S1A ). The DNA sequences of TALENs that were specific for the selected gene loci were synthesized using a high-throughput integrated chip method [32] . The ability of these nucleases to carry out efficient genomic editing was confirmed by a T7 endonuclease assay and sequencing (Supplementary information, Figure S1A , upper right). To create gene targeting vectors, the stop codon of each gene was replaced with a 2A-Tdtomato (Tdtm)-loxp-CAG-neoloxp cassette in the corresponding BAC, and the whole cassette (with the homology arms) was retrieved by a small vector. A herpes simplex virus thymidine kinase (HSV-TK) cassette was also included in the targeting vector to select against random integration (Supplementary information, Figure S1A , upper left). Target hESCs were nucleofected with linearized targeting vector and the corresponding TALENs, and the resulting colonies were characterized as described above. In this way, we successfully targeted Tdtm into seven loci: FOXA2, PDX1, NKX6.1, MAFB, PAX6, NEUROD1 and INS ( Figure 1A ). Because NGN3-eGFP cells were used as target cells, we generated seven dual reporter cell lines ( Figure 1B) . We also constructed a SOX17-eGFP reporter cell line based on wild-type H1 using a similar strategy. The targeting efficiency varied between the different gene loci, ranging from 3% to 63% (Supplementary information, Figure  S1B ). The correct integration of the reporter genes was confirmed by Southern blotting (Supplementary information, Figure S1C ), and normal karyotypes of the derived cells lines were demonstrated by G-band staining (Supplementary information, Figure S1E ).
In summary, by combining high-throughput TALEN synthesis techniques and BAC recombineering, we successfully tagged a panel of sequential developmental genes covering the principal stages of pancreatic β-cell development, and thereby obtained a pool of mono-and dual reporter cell lines.
Expression dynamics and fidelity of individual gene reporters
To evaluate the developmental regulation of our reporter cell lines, we converted them into pancreatic endocrine cells using a stepwise protocol ( Figure 1A and Supplementary information, Data S1) that was modified from previous reports [21, 23, 25, 29] . Before induction, none of the reporter cell lines expressed Tdtm or eGFP (data not shown). After induction, the fidelity of the reporters for each gene locus was independently evaluated from stage 1 to stage 4 or 5. To facilitate the description of these effects, the reporter protein expressed from a certain targeted gene locus was named "targeted gene name-reporter protein name". For instance, "FOXA2-Tdtm" stands for the Tdtm protein expressed from the FOXA2 locus.
The expression dynamics of each reporter gene was monitored and evaluated by flow cytometric analysis. FOXA2 expression was first detected in the anterior primitive streak in intraembryonic tissues, followed by definitive endoderm and endoderm-derived organs such as the pancreas [28, 33] . As expected, Tdtm could be detected after FOXA2-DR cells were induced for 24 h (Supplementary information, Figure S2B ). The percentage of Tdtm + cells increased and was maintained at peak levels during stages 3 and 4 ( Figure 2A and Supplementary information, Figure S2A ).
SOX17 was also required for endoderm specification, but its expression was initiated later than that of FOXA2 in the early embryonic development of mouse [34] . Accordingly, the expression of eGFP was first observed after SOX17-eGFP cells were induced for 2-3 days (data not shown). Similar to a previous report [10] , the number of eGFP + cells peaked at stages 1-2 and declined thereafter ( Figure 2A and Supplementary information, Figure  S2A) .
PDX1 was first observed in the posterior foregut domain of mouse embryos. PDX1 is a key marker both for pancreatic progenitors and β cells [28, 33] . Accordingly, Tdtm + cells were first detected in PDX1-DR cell cultures at stage 3 ( Figure 2A and Supplementary information, Figure S2A ). The intensity of both Tdtm and PDX1 increased significantly at stage 4 ( Figure 2A and data not shown).
NKX6.1 is also a key marker both for pancreatic progenitors and β cells [28, 33] . Consistent with previous reports [29] , the expression of Tdtm was first detected in NKX6.1-DR cell cultures at stage 4, days 2-3 ( Figure 2A and Supplementary information, Figure S2A) .
NGN3 is the master gene for endocrine progenitor specification [28, 33] . The expression of eGFP appeared at the end of stage 3 in the NGN3-eGFP cell cultures (Figure 2A ), peaked at stage 4 (15% -40%; Figure 2A and Supplementary information, Figure S2A ) and declined thereafter (data not shown).
NEUROD1 is a downstream target of NGN3. Its expression was restricted to endocrine cells, especially β cells in later stage pancreas [28, 33] . As expected, we first detected NEUROD1-Tdtm expression at the beginning of stage 4 (Figure 2A ), just after NGN3-eGFP expression. The number of Tdtm + cells increased during MAFB and PAX6 are required for the correct development of endocrine precursor cells in mouse [28, 33] . In our study, MAFB-Tdtm expression was initiated at stage 4 days 3-4 ( Figure 2A and Supplementary information, Figure S2A ); while the expression of PAX6-Tdtm was detected relatively later ( Figure 2A ; Supplementary information, Figure S2A ). However, the expression of PAX6-Tdtm was relatively weak and the PAX6-Tdtm + cells could not be clearly recognized as a separate cell fraction by flow cytometry unless magnified by an RFP antibody (Supplementary information, Figure S2D ).
INS is the key hormone for regulating the blood glucose levels and is produced by pancreatic β cells. In accordance with previous reports [19, 23, 25] , INS-Tdtm Figure S2C ).
The fidelity of the reporter genes was evaluated by immunostaining ( Figure 2B and Supplementary information, Figure S2E ). As shown in Supplementary information, Table S1 , the expression of most of the reporter genes was highly co-localized with that of the targeted genes in the time window evaluated. The agreement between the eGFP protein and NGN3 protein varied according to the day (Supplementary information, Figure  S2F ). Approximately 80% of the eGFP + cells expressed NGN3 and 82% of the NGN3 + cells expressed eGFP + at stage 4, day 1. The proportion of NGN3 + cells among the eGFP + cells gradually decreased thereafter, which is consistent with previous observations in NGN3-eGFP mice that eGFP has a much longer half-life (> 24 h) than NGN3. Similarly, some PDX1-Tdtm
low cells were also observed at stage 4 (as discussed later).
Taken together, these results indicate that the expression of most of these reporter genes mimics that of the endogenous genes with high fidelity. More importantly, we visualized the kinetics of the entire differentiation process in real time for the first time by tracking the expression dynamics of the reporter genes.
Individual pancreatic reporters marked and thereby permitted the isolation of specific cell populations during differentiation of hESCs into β cells
Because the labeled genes cover the major stages of pancreatic β-cell development, each reporter for one gene locus could mark specific cell populations resembling the corresponding cell populations at specific developmental stages in vivo. To validate this possibility, all the reporter cell lines were induced for evaluation as described above.
F O X A 2 -T d t m + c e l l s e x p r e s s e d S O X 1 7 , a n d SOX17-eGFP + cells expressed FOXA2 at the end of stage 1 ( Figure 3A ). Both FOXA2-Tdtm + cells and SOX17-eGFP + cells lacked OCT4 expression (Supplementary information, Figure S3A ). HNF1B and HNF4A, markers of the primitive gut tube, were highly co-expressed in both FOXA2-Tdtm + cells and SOX17-eGFP + cells at stage 2 but not stage 1 ( Figure 3B , Supplementary information, Figure S3A and data not shown). Taken together, these results indicate that both FOXA2-Tdtm and SOX17-eGFP can mark the definitive endoderm cells at the end of stage 1 and the primitive gut tube cells at the end of stage 2. Tdtm + cells were detected in PDX1-DR cell cultures at the end of stage 3. These Tdtm + cells also expressed FOXA2, HNF1B and HNF6, indicating a posterior foregut endoderm identity when combined with PDX1 ( Figure  3C and Supplementary information, Figure S3A ). Thus, the PDX1-Tdtm can be used to label posterior foregut endoderm cells at the end of stage 3.
A variety of pancreas-associated gene expression was initiated at stage 4, including NKX6.1, NGN3, NEU-ROD1, and MAFB, whose expression could be indicated by Tdtm or eGFP ( Figure 1A ).
At stage 4 day 3, immunostaining of NKX6.1-DR cell cultures indicated that most of the NKX6.1-Tdtm + cells (> 95%) expressed the pancreatic progenitor makers PDX1, SOX9, HNF1B and HNF6, but not the endocrine cell markers CHGA and hormones ( Figure 3D and Supplementary information, Figure S3A ). A few Tdtm + cells also expressed NKX2.2 (Supplementary information, Figure S3A ), a pan-endocrine lineage marker, similar to that observed in vivo [35] . These results suggest that most of the NKX6.1-Tdtm + cells can be regarded as pancreatic progenitor cells at stage 4.
Approximately 80% of the NGN3-eGFP + cells expressed NGN3 protein at stage 4 day 1, and most of them also expressed NKX2.2 and NEUROD1 ( Figure  3D As mentioned above, NEUROD1, MAFB and PAX6 are three transcriptional factors that function in different time windows and contexts in endocrine precursors [28] . Similar to the in vivo expression sequence, NEU-ROD1-Tdtm was detected first, followed by MAFBTdtm and PAX6-Tdtm. At stage 4 day 5, immunostaining showed that NEUROD1-Tdtm + , MAFB-Tdtm + and PAX6-Tdtm + cells accounted for ~55%, 78% and 23% of the NKX2.2-expressing cells, respectively ( Figure 3D ). These cells also expressed CHGA and lacked high PDX1 expression (Supplementary information, Figure S3A ). Thus, NEUROD1-Tdtm, MAFB-Tdtm and PAX6-Tdtm can identify different endocrine-associated cell populations in hESC cultures.
Substantial INS-Tdtm + cells were detected at stage 5. These cells were positive for both INS and C-PEPTIDE ( Figure 3E ), implying that the INS proteins were synthesized de novo. These newly emerged INS-Tdtm + cells expressed NKX2.2 but little or no PDX1 ( Figure 3E and Supplementary information, Figure S3A and data not shown), suggesting that they were immature. Thus, INSTdtm can mark INS-producing cells in hESC cultures.
The above results indicate that these reporters mark different cell populations representing distinct developmental stages, potentially allowing for the isolation of specific cell populations for characterization of molecular properties and differentiation potency. To validate this possibility, we took the MAFB-Tdtm and NEUROD1-Tdtm reporters as examples and performed quantitative PCR (qPCR) to assess gene expression after fluorescence-activated cell sorting (FACS)-based purification. Purified NEUROD1-Tdtm + and MAFB-Tdtm + cells both showed enriched endocrine-associated gene expression and lower levels of pancreatic progenitor-associated genes. Nevertheless, MAFB-Tdtm + cells expressed higher levels of later stage endocrine-associated genes, such as MAFA and hormone genes, suggesting that these different reporters might be used to purify endocrine precursors of different types and/or different developmental stages ( Figure 3F Figure S3D ). Thus, the reporter cell lines can be used to purify distinct cell populations at different stages for further characterization.
Collectively, during hESC differentiation into pancreatic β cells, these reporters label cell populations that resemble the corresponding cell populations at different developmental stages in vivo, thus allowing the isolation of these cell populations for further characterization.
Dual reporter cell lines are versatile tools for capturing cell fate transition and identifying cell subpopulations
Because our dual reporter systems were constructed by labeling paired genes expressed at neighboring developmental stages, we investigated whether they could be used as a tracing tool to capture cell fate transitions. Dual-reporter cells were induced as described above and examined by flow cytometry.
As shown in differentiating FOXA2-DR cell cultures ( Figure 4A and 4B [36] . These data also demonstrate that FOXA2-Tdtm + cells have at least two subpopulations defined by the two reporters at this stage. A similar phenomenon was observed in PDX1-DR cell cultures at stage 4, implying that NGN3 + cells were also derived from PDX1 + cells ( Figure 4A and 4B) . In accordance with the observation that PDX1 is downregulated in endocrine progenitors [37, 38] , the NGN3-eGFP + cells expressed relatively low level of PDX1 (Supplementary information, Figure S3C ). The minor inconsistency in the expression intensity between PDX1 and PDX1-Tdtm may have resulted from the fact that Tdtm had a slightly longer half-life than PDX1, as observed with the NGN3-eGFP reporter.
In NKX6.1-DR cell cultures at stage 4 day 3, two subpopulations of NGN3-eGFP + cells were identified by additionally examining Tdtm ( Figure 4A and 4B To further confirm the above findings, we used the NEUROD1-DR cell line as an example and performed real-time imaging during differentiation. As shown in Figure 5A and Supplementary information, Movie S1, a portion of the NGN3-eGFP + cells gradually turned on the expression of Tdtm within 10 h at stage 4 day 2. Thus, this direct evidence implies that NEUROD1 + cells are derived from NGN3 + cells. The dual reporter cell lines can be used to recognize distinct cellular subpopulations, potentially allowing for the isolation of these subpopulations for characterization of molecular properties. To demonstrate the feasibility of this option, we used the NKX6.1-DR and INS-DR cell lines as examples and performed qPCR to evaluate the gene expression patterns of subpopulations isolated by FACS.
There were four main cell subpopulations in the NKX6.1-DR cell-derived cultures at the end of stage 4; each of these subpopulations had a distinct gene expression profile ( Figure 5B) [35] .
The INS-DR cell-derived cultures also included four cell subpopulations with distinct gene expression profiles by the end of stage 5 ( Figure 5C Collectively, using the dual-reporter cell lines, we captured a series of cell fate transition events in real time, identified multiple cell subpopulations and unveiled their distinct gene expression profiles, among heterogeneous hESC-derived cultures for the first time. These results demonstrate that our dual reporter cell lines are unique tools for the study of cell fate transitions and cell subpopulations, which cannot be achieved by traditional methods.
Expression profiling of NGN3-eGFP + cells led to the identification of a novel surface protein, SUSD2, for enriching pancreatic endocrine progenitor cells and early endocrine cells
NGN3-eGFP can be used to mark endocrine progenitor cells and their progeny in differentiating hESCs, suggesting that a profiling analysis of NGN3-eGFP + cells could lead to the discovery of novel participating genes. Six batches of NGN3-eGFP + and NGN3-eGFP − cells purified by FACS from PDX1-DR cell cultures at stage 4 were pooled together, respectively. RNA-sequencing-based analysis of the two cell fractions identified a total of 3 976 differentially expressed genes (P < 0.05; fold > 2), of which 72% are enriched in NGN3-GFP + cells ( Figure 6A and Supplementary information, Table  S2 ). As expected, all the genes expressed in pancreatic progenitor cells are enriched in NGN3
-eGFP -cells, and all the endocrine-associated genes are enriched in NGN3-eGFP + cells ( Figure 6A ). Similar results were obtained when comparison was performed between the gene expression profiles of NGN3-GFP + cells and an available data set of hESC-derived CD142-enriched pancreatic endoderm cells (Supplementary information, Figure S4A ) [24] . Among the 3 976 genes, 195 have potential transcriptional factor activity and 453 are potential noncoding RNA genes ( Figure 6B and Supplementary information, Table S2 ), most of which have not been well investigated in pancreatic development. The gene ontology term 'integral to membrane' (GO: 0016021) identified 1 003 differentially expressed genes that encoded ion channels, adhesion molecules and transporters (Supplementary information, Figure S4B and Table S2 ).
We further filtered the above transmembrane proteins with strict criteria and identified three proteins that are specifically expressed in certain subsets of endocrine-associated cell populations by immunostaining human fetal pancreas sections with corresponding antibodies. Two of the three proteins were PLEXIN A2 (PLXNA2) and HIS-TAMINE H1 RECEPTOR (HRH1), both of which were specifically expressed by GCG-producing cells, but not INS-producing cells or other hormone-positive cells in the 18-week human pancreas ( Figure 6C , Supplementary information, S4D and data not shown). This result implies that signaling mediated by PLXNA2/NEUROPIL-IN receptor complexes and the histamine-HRH1 axis acts in the developing α cells. As these two proteins did not exhibit classic cell membrane localization, we focused on the third protein, SUSD2, for further characterization.
We first assessed the expression of SUSD2 in NGN3-eGFP reporter cell line-derived cultures. SUSD2 was first detected at stage 4 day 1 ( Figure 6D and 6E). SUSD2 was highly co-localized with NGN3-eG-FP throughout stage 4, except in a limited number of NGN3-eGFP low cells on days 0-1 ( Figure 6D ). This finding indicated that SUSD2 might mark NGN3 + cells and their progeny, similar to NGN3-eGFP. As expected, 80%, 93% and 88% of the SUSD2 + cells also expressed NGN3, NKX2.2 and NEUROD1 at stage 4, day 1, respectively ( Figure 6D) Figure 6D ). Analysis of the gene expression dynamics of the entire hESC differentiation process further confirmed that the expression of SUSD2 tightly followed that of endocrine progenitor-associated genes (Supplementary information, Figure S4G ). The expression of SUSD2 declined after an extended culture period, slightly later than the downregulation of NGN3-eGFP (Supplementary information, Figure S4G and data not shown). Further analysis of available RNA-sequencing data set showed that high SUSD2 expression is detected in NGN3-eGFP + cells but not NGN3-eGFP − cells, hESCs, CD142-enriched pancreatic endoderm cells or human islet cells (Supplementary information, Figure S4C ) [24, 41] . Thus, SUSD2 is a specific surface marker for endocrine progenitor cells and early endocrine precursor cells in hESC-derived cultures at stage 4.
To explore the utility of SUSD2 as a surface marker for enriching specific cell populations, we conducted both FACS and magnetic-activated cell sorting (MACS) experiments in NGN3-eGFP cell-derived cultures. RT-qPCR analyses of FACS-purified cells at stage 4, day 4 showed that the expression of several endocrine-associated genes was enriched in SUSD2 + cells, while pancreatic progenitor markers were enriched in the SUSD2 − population ( Figure 6F ). NKX2.2 is a pan-endocrine marker that is expressed in pancreatic progenitors, endocrine precursors and endocrine cells. The MACS experiments showed a high enrichment of NKX2.2 + / NGN3-eGFP + (97.1% ± 2.1%, n = 5) cells in the bound fractions, and only a small population of NKX2.2 low cells (6.1% ± 2.5%, n = 5) or NGN3-eGFP low cells (5.1% ± 2.2%, n = 5) remained in the unbound fractions ( Figure  6G ). The further differentiation of MACS-purified cells for 5 days in hormone-inducing conditions showed that the cultures from the unbound fractions expressed a high level of PDX1 and sporadically NKX2.2 and INS, and formed compact epithelial-like colonies. The cultures from the bound fractions expressed PDX1 weakly but NKX2.2 and INS robustly, and did not form large colonies (Supplementary information, Figure S4H and data not shown). Moreover, SUSD2 exhibited a comparable ability to enrich NKX2.2 + cells in wild-type H1 and H9 cell cultures (Supplementary information, Figure S4E ).
To further characterize the developmental potential of SUSD2-enriched cells, we transplanted these cells under the kidney capsule of SCID-beige mice. Section immunostaining of 19-week engraftments demonstrated that SUSD2-enriched cells can differentiate into all five types of hormone-producing cells (n = 6; Supplementary information, Figure S5A-S5D ). In particular, the derived β cells expressed high levels of PDX1 and NKX6.1 proteins, markers of mature β cells (Supplementary information, Figure S5A and data not shown). As predicted, given that the pancreatic progenitor cells and non-pancreatic cells were enriched in the SUSD2-negatively enriched cells, these engraftments derived from SUSD2-negatively enriched cells also comprised hormone-producing cells as well as many non-hormone-producing cells (Supplementary information, Figure S5A ). Collectively, these results imply that SUSD2 can mark and permit the efficient isolation of cells resembling pancreatic endocrine progenitor cells and early endocrine cells in hESC-derived pancreatic-associated cell cultures.
To test whether SUSD2 expression is conserved in vivo, we evaluated the expression of SUSD2 in week 11 and 18 human fetal pancreas and the adult human pancreas by section immunostaining. In the week 11, Figure  S6A ). Thus, SUSD2 expression is generally conserved in vivo. In the developing human pancreas, high SUSD2 expression mainly occurs in endocrine progenitors and early endocrine cells that have not been incorporated into islet structures.
We further assessed whether SUSD2 could be used as a surface marker to isolate in vivo endocrine progenitors and their newborn progeny. We conducted MACS experiments to separate cells in the week 18-23 pancreas using an anti-SUSD2 antibody. RT-qPCR analyses demonstrated that pancreatic progenitor-associated and exocrine-associated genes were enriched in the unbound fraction ( Figure 7D ). Endocrine progenitor-associated genes (such as NGN3, PAX4 and NKX2.2) were enriched in the bound fraction; while late-stage endocrine cell-associated genes (such as MAFA, GCG and INS) were enriched in the unbound fraction ( Figure 7D ). This is consistent with our observations by section staining that SUSD2 can mark endocrine progenitors and newborn endocrine cells, but its expression is excluded from the new-formed islets, which are composed of late-stage endocrine cells and expressed much higher levels of late-stage endocrine-associated genes. Still, the in vivo SUSD2-enriched cells expressed higher levels of hormones and other late-stage endocrine genes than the in vitro-enriched cells (Supplementary information, Figure S6B ). Thus, these results imply that SUSD2 can mark and permit the enrichment of pancreatic endocrine progenitor cells and early endocrine cells in the developing human pancreas.
In summary, SUSD2 can specifically mark and permit the enrichment of cells representing pancreatic endocrine progenitor cells and early endocrine cells both in hESC-derived pancreatic-associated cell cultures and in the developing human pancreas.
Discussion
In this study, for the first time, we systematically labeled sequential developmental genes covering the major developmental stages of pancreatic β cells from hESCs. Our studies demonstrate that the systematic labeling of key developmental genes and the application of dual reporters provide a comprehensive approach to more precisely investigate pancreatic β-cell differentiation from hESCs.
We demonstrated the value of this strategy for unveiling developmental clues at different differentiation stages and identified a novel surface protein, SUSD2, that can be used for the study of the cell fate commitment mechanism associated with endocrine progenitors and early + endocrine progenitor cells are thought to be unipotent [42] , multiple types of endocrine progenitors or precursors may coexist. In accordance with this assumption, we found that a portion of hESC-derived SUSD2-enriched cells can differentiate into mature β cells after transplantation in the mouse. A detailed comparative analysis of the gene expression profiles and developmental potentials of SUSD2 + cells isolated in vivo and in vitro will shed further light on the specification mechanism for each cell population at this critical stage, particularly if these comparisons are performed at the single-cell level. We also found that a limited portion of the hormone-producing cells in the engraftment derived from SUSD2-enriched cells were actually β cells. Considering that SUSD2 can enrich for most endocrine progenitors and early endocrine cells in hPSC cultures, this phenomenon implies that the current protocol for endocrine lineage differentiation from hPSC-derived pancreatic progenitors is not efficient for β-cell generation. As the endocrine progenitor stage comes first during the differentiation of pancreatic progenitors into β cells, our "SUSD2-enrichment-based transplantation" assay may represent a practical approach that can be used to screen for conditions that induce hP-SC-derived pancreatic progenitors into β-cell-specific endocrine progenitors or precursors. Moreover, in the engraftment derived from SUSD2-negatively enriched cells, many non-hormone-producing cells and duct-like structures were observed. This result implies that SUSD2 could be used to eliminate non-pancreatic cells, thus providing a safer method for cell replacement therapy for diabetes once conditions for inducing β-cell-specific endocrine progenitors are identified. In addition, SUSD2 is a migration-associated protein that is involved in the epithelial-to-mesenchymal transition (EMT) process during tumor invasion [43] . A similar EMT process also occurs during the specification of endocrine cells [44] . Our data imply that the expression of SUSD2 is restricted to endocrine progenitors and early stage endocrine precursor cells, both of which display a mesenchymal phenotype. Therefore, SUSD2 may also be involved in the EMT process that occurs during endocrine cell specification.
We also show that our dual reporter system offers a unique tool for the study of pancreatic β-cell differentiation from hESCs. The dual reporter cell lines helped us to capture the fate transition events and identify intermediate subpopulations for characterization in a non-invasive, real-time manner. Different cell subpopulations may represent cells at different developmental stages and/or with different developmental potentials. Our studies revealed that a portion of SUSD2-enriched cells are β-cell-specific endocrine progenitors or precur- + cells are the cell subpopulation that is specific for β-cell identity.
The reporter hESC lines generated in this study are also valuable tools for investigating hPSC differentiation into other cell lineages, particularly neurons. Each of the genes targeted in this study is expressed in at least one other lineage (e.g., SOX17 in blood) [45] . More importantly, all of the genes labeled in this study are expressed during the development of the neural system, and most of them are critical for the development of specific neuronal cell types [46] . Thus, our reporter cell lines should also be very useful for studying the differentiation of neurons and other cell lineages in hPSC cultures.
Collectively, we have developed a valuable platform for the study of β-cell differentiation from hESCs. Further applications of this platform and our new findings will help us to unveil the overall molecular mechanism underlying the sequential commitment process and to identify conditions for obtaining mature human β cells in vitro. The directed differentiation of other cell lineages faces problems similar to those found in pancreatic β cells. Thus, the systematic generation of stage-specific reporter cell lines represents a practical general solution for guiding the differentiation and studying the in vitro development of various cell lineages in hPSCs.
Materials and Methods
Generation of targeting vectors and TALENs
To replace the stop codon of NGN3, the heat-induced DY380 cells containing a BAC were electroporated with the 2A-GFPloxp-CAG-neo-loxp cassette flanked with 1-kb homology arms. To shorten the right arm of the BAC-based targeting vector to 6.5 kb, the heat-induced DY380 cells containing the modified BAC were electroporated with the HSV-TK-Amp r cassette flanked with 1-kb homology arms, leaving the left arm at a length of 134.5 kb.
To replace the stop codon for the other genes, the L-arabinose-induced E. coli cells containing BACs and plasmid PSC101-BAD-gbaA were electroporated with the PCR products of the 2A-Tdtm-loxp-CAG-neo-loxp or 2A-eGFP-loxp-CAG-neo-loxp cassettes flanked with 50-bp homology arms. For retrieval, the L-arabinose-induced E. coli cells containing the modified BAC and plasmid PSC101-BAD-gbaA were electroporated with the PCR product of plasmid PL253SNK (derived from PL253) flanked with 50-bp homology arms. All the BACs used in this paper were ordered from Children's Hospital Oakland Research Institute (CHORI) as listed in Supplementary information, Data S1.
TALENs specific for the selected gene loci were synthesized
Systematically labeling pancreatic genes in hESCs using a high-throughput integrated chip method as previously described [32] . The DNA sequences recognized by the respective pairs of TALENs are listed in Supplementary information, Data S1. To measure the cutting efficiency, the TALENs were transfected into 293T cells and analyzed by T7 endonuclease (NEB) assays and sequencing. Primers used for gene targeting are provided in Supplementary information, Table S5 .
Gene targeting in hES cells
To target the NGN3 locus, a linearized BAC-based targeting vector was electroporated into H1 cells using an electroporator (Bio-Rad). The CAG-neo cassette was deleted from NGN3-eGFP cell lines by the transient expression of CRE recombinase. To target the other genes, the NGN3-eGFP cell line with the deletion of the CAG-neo cassette was used as targeting cell line; to target SOX17, wild-type H1 cells were used. The linearized targeting vector and TALENs were nucleofected into hES cells using the 4D-Nucleofector System (Lonza). Three days later, drugs were added into the culture medium for 2 weeks; G418 (Gibco) was added at a concentration of 50 µg/ml for the first week and 100 µg/ ml for the second week, and ganciclovir (Sigma) was added at a concentration of 0.2 µM. Up to 192 colonies (96 colonies in most cases) for each gene were picked and expanded in 96-well plates. To reduce the labor required, we treated the colonies in one column as a group for the preparation of genomic DNA (Tiangen) and PCR screening (Takara, DR044A). When one group was positive by PCR, the colonies in this group would be screened one by one. The PCR-positive colonies were expanded for Southern blot and differentiation analysis.
RNA-sequencing sample preparation and analysis
Two micrograms of total RNA was extracted for cDNA library construction. The cDNA libraries were constructed with the Illumina Paired-End DNA Sample Prep Kit according to the manufacturer's protocol. Sequencing was performed on an Illumina Hiseq2000 platform (BGI). For each sample, the sequence reads were aligned to the transcriptome using Tophat software. All raw data and processed data have been submitted to Gene Expression Omnibus (accession number: GSE54879).
hESC culture and differentiation hESCs, including the reporter cell lines, were maintained as previously reported [23] . A five-stage differentiation protocol was used for directed differentiation, including definitive endoderm (which was treated with a high concentration of Activin-A for 4 days), primitive gut tube (which was treated with KGF and SB525334 for 3 days), posterior foregut (which was treated with RA, Noggin and SANT-1 for 4 days), pancreatic and endocrine progenitors (which were treated with Noggin and TPB for 3-5 days) and hormone-producing cells (which were treated with human LIF and Alk5 inhibitor II for more than 5 days).
Flow cytometry and cell sorting
Single-cell suspensions from cell cultures were acquired by trypsin-EDTA digestion (Life Technologies). Single-cell suspensions from fetal pancreatic tissues were acquired according to the protocol described in Supplementary information, Data S1. For the flow cytometry analysis of living cells, single-cell suspensions were directly analyzed using a BD FACSCalibur flow cytometry system. For surface marker and intracellular flow cytometry analyses, single-cell suspensions were stained with antibodies and analyzed using a BD FACSCalibur. The data were analyzed by FlowJo software. FACS was performed on a BD FACS Aria IIu, and MACS experiments were performed with reagents from Miltenyi Biotec according to the manufacturer's instructions.
Immunofluorescence and imaging
The immunostaining of cells/sections was performed according to the protocols described in the Extended Materials and Methods (Supplementary information, Data S1). The antibodies used here are listed in Supplementary information, Table S3 . Real-time cell-tracing was performed using a High-Speed Live Cell Confocal Imaging System (Nikon).
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